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Abstract. We performed 100 fps stereoscopic imaging of
aurora for the first time. Two identical sCMOS cameras
equipped with narrow field-of-view lenses (15◦ by 15◦) were
directed at magnetic zenith with the north–south base dis-
tance of 8.1 km. Here we show the best example that a
rapidly pulsating diffuse patch and a streaming discrete arc
were observed at the same time with different parallaxes,
and the emission altitudes were estimated as 85–95 km and
> 100 km, respectively. The estimated emission altitudes are
consistent with those estimated in previous studies, and it is
suggested that high-speed stereoscopy is useful to directly
measure the emission altitudes of various types of rapidly
varying aurora. It is also found that variation of emission al-
titude is gradual (e.g., 10 km increase over 5 s) for pulsat-
ing patches and is fast (e.g., 10 km increase within 0.5 s) for
streaming arcs.
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1 Introduction
It has been known for a long time that aurora manifests itself
in many rapid variations (Stormer, 1955). The rapidly vary-
ing aurora has recently been studied as important phenom-
ena to visualize the wave–particle interactions working in the
magnetosphere–ionosphere coupled regions (Dahlgren et al.,
2008; Kataoka et al., 2011a, b, 2012; Yaegashi et al., 2011;
Whiter et al., 2010) and in the magnetosphere (Miyoshi et al.,
2010, 2015a; Nishiyama et al., 2014; Kataoka et al., 2015).
The time-varying emission altitude of such various types of
rapidly varying aurora contributes especially to understand
not only the generation mechanisms but also their possible
impact on the atmosphere (Miyoshi et al., 2015b) because
the emission altitude contains information of the energy of
precipitating electrons and indicates the stopping height of
electrons.
Stereoscopy of aurora has also been conducted to deter-
mine the emission altitude since the beginning of auroral re-
search (Stormer, 1955), and many sophisticated stereoscopic
analyses have been carried out worldwide (e.g., Stenbaek-
Nielsen and Hallinan, 1979; Frey et al., 1996; Ivchenko et
al., 2005; Whiter et al., 2013). Most recently, Kataoka et
al. (2013) performed all-sky stereoscopy of aurora using twin
fish-eye DSLR cameras located 8 km apart, which may give
an interesting pathway to open citizen science. The purpose
of this paper is to demonstrate another new challenge of
“high-speed stereoscopy” of rapidly varying aurora which
cannot yet be captured by the daily-use low-cadence DSLR
cameras.
2 Instrumentation
Two identical sets of Hamamatsu sCMOS cameras (Orca
Flash 4.0) were used in this study. Each sCMOS camera was
equipped with a NIKKOR 50 mm F1.2 lens to make the nar-
row 15.2◦ by 15.2◦ field of view. SCHOTT RG665 glass fil-
ter was used to remove the slow green and red lines. These
identical camera systems were installed at Poker Flat Re-
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Figure 1. Stereoscopic observation geometry and overlapped fields
of view at 100 km altitude.
search Range (PFRR; 65.1186 N, 147.4328 W; 489 m) and
at Aurora Borealis Lodge (ABL, 65.0462 N, 147.4512 W,
662 m), with the north–south base distance of 8.12 km. Fig-
ure 1 shows the observation setting to illustrate the over-
lapped fields of view from PFRR and from ABL. The sam-
pling rate was 100 fps, and 4 by 4 binning was applied to
obtain the final images of 512 by 512 pixels. Both cameras
are approximately directed toward the magnetic zenith (19◦
declination angle, and 77.5◦ elevation angle).
3 Method of analysis
In order to estimate the emission altitude, we apply essen-
tially the same “optical depth” analysis as documented in de-
tail by Kataoka et al. (2013). Bright stars are used to set the
stereoscopic geometry, and then the stars are removed by ap-
plying 10 by 10 pixel median filter before the optical depth
analysis. The modification parts from Kataoka et al. (2013)
are described in this paper. Firstly, we assume a different pro-
jection model between two images: simplest horizontal shift
is applied because of the standard narrow field of view. Sec-
ondly, as shown in Fig. 2, we use only two large template
windows of 384 by 160 pixels (10◦ by 4.5◦), i.e., region of
interest (ROI)-1 and ROI-2 for low-latitude part and high-
latitude part, respectively, because we are interested more in
the time variation of the emission altitude than the spatial
resolution in this study. ROI-1 mostly covers the pulsating
patches, and ROI-2 covers the streaming arcs. Finally, we set
the altitude resolutions of 2.5, 5.0, and 10.0 km for the al-
titude ranges of 70–100, 100–150, and 150–200 km, respec-
tively. The main requirement to apply the analysis is the exis-
tence of inhomogeneity of auroral intensity within the fields
Figure 2. Example images of comparison. ROI-1 and ROI-2 are
marked by white and black squares, respectively.
of view. Essentially the same method is therefore mostly ap-
plicable for many different types of aurora in general.
4 Results and discussions
Stereoscopic images of rapidly varying aurora were obtained
at magnetic zenith just after the substorm onset at around
10:00 UT on 21 November 2014. In this paper we focus on
the best 15 s time interval from 10:05 UT, in which a kind
of rapidly varying “compound microstructures” (Kataoka et
al., 2015) of pulsating patch and streaming arc coexist at the
same time in both fields of view. Each camera had data gaps
due to the unstable recording system at that time, but syn-
chronized images were intermittently available for up to 5 s
continuous time intervals as shown in Fig. 3. Examples of
original images are shown in the Supplement in Movie 1 and
Movie 2 for the first continuous time interval. It took tens of
minutes for the 15 s data analysis using a standard PC, and a
much faster method is needed for future real-time analysis.
Figure 3 shows the time variation of the auroral intensity
and of emission altitude. Top panel shows that ROI-1 mainly
contains rapidly pulsating patches while ROI-2 mainly con-
tains streaming arcs. Many previous studies (e.g., Brown et
al., 1976) suggest that pulsating patches and streaming arcs
are caused by 10 keV order and 1.0 keV order electrons, re-
spectively. For example, expected values of the main ion-
ization altitudes of 40 and 4.0 keV electrons are 85–95 and
110–130 km, respectively (Tsurunen et al., 2009). In fact, the
emission altitudes of the rapidly pulsating diffuse patch and
streaming discrete arc were differentiated and estimated as
85–95 and 100–150 km, respectively as shown in bottom and
middle panels in Fig. 3. Similar colors with those of peak
cross-correlation coefficient are useful to see the error distri-
bution, and typical error is estimated as 5–10 km as shown
in Fig. 3, although the error of altitude estimation always de-
pends on the spatial scale of aurora and selected ROI, etc.
These estimates of emission altitudes are consistent with
those obtained in previous studies (e.g., Brown et al., 1976).
It is therefore suggested that high-speed stereoscopy is useful
to directly measure the emission altitudes of various types of
rapidly varying aurora. The fact that two different altitudes
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Figure 3. Time variation of the (a) auroral intensity and of
(b, c) cross-correlation coefficient at each emission altitude. Top
panel shows the north–south keogram across the center of star-
removed images at PFRR, where grayscale shows the linearly in-
creasing auroral intensity in arbitrary units. Middle and bottom pan-
els show the altitude variations of aurora at high-latitude part ROI-
1 and low-latitude part ROI-2, respectively where blue to red col-
ors show the linearly increasing cross-correlation coefficient (C.C.)
from 0.5 to 1.0. The altitudes of peak C.C. values are marked by
black lines.
of rapidly varying auroras exist at the same time within a
narrow field of view is consistent with the interpretation that
“compound microstructures” (Kataoka et al., 2015) contain
very different auroras at the same time within narrow field of
view.
It is also found that the time variation of emission alti-
tudes is relatively gradual (e.g., 10 km increase over T = 0.0–
5.0 s) for pulsating patches and relatively fast (20 km in-
crease within 1 s after T = 0.5 s) for streaming arcs, implying
that the energization or de-energization timescale of pulsat-
ing patches and streaming arcs are very different, as origi-
nated from the magnetosphere and from the magnetosphere–
ionosphere coupled region, respectively.
Information about the Supplement
Movie 1: example movie of half-speed playback obtained at
Poker Flat Research Range.
Movie 2: example movie of half-speed playback obtained at
Aurora Borealis Lodge.
The Supplement related to this article is available online
at doi:10.5194/angeo-34-41-2016-supplement.
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